Metal hydrides are known as a potential efficient, low-risk option for high-density hydrogen storage since the late 1970s. In this paper, the present status and the future perspectives of the use of metal hydrides for hydrogen storage are discussed. Since the early 1990s, interstitial metal hydrides are known as base materials for Ni e metal hydride * Corresponding author.
Introduction
Hydrogen storage is a key enabling technology for the development of a hydrogen and fuel cell based economy. Hydrogen has the highest energy density per unit mass of any fuel; however, its low volumetric density at ambient temperature and pressures correspondingly results in a rather low energy density per unit volume. Metal hydride materials research focuses on improving both the volumetric and gravimetric capacities, hydrogen absorption/desorption kinetics, and reaction thermodynamics of potential material candidates. Furthermore, longterm cycling effects have to be taken into account for the development of hydrogen-based technologies [2e4] .
Materials suitable for hydrogen storage in solid-state have to meet specific requirements in order to be used for the development of hydrogen based technologies, in particular storage. The material has to retain its performances in terms of kinetics and total hydrogen capacity, even after cycling. The reaction of the material with hydrogen must be reversible even after repeated absorption and desorption runs, but in practice powders tend to pack and sinter after long term cycling, reducing the efficiency of the system. One possible solution, which was proven successful more than once [5, 6] , is compacting the hydride powder into high-density pellets. Powders of hydrides are generally compacted in cylindrical shape, after mixing with additives for enhancing thermal conductivity and mechanical stability (for example Al, Cu or carbon-based materials). It has been reported that compacted systems tend to disaggregate during cycling, thus returning to the initial status of powder in the loose form [7] . This phenomenon is accompanied by an increase in volume. This swelling mechanism causes rapid slowdown of the kinetics and all the other problems related to the use of powders. Moreover, compacted powders can be much more safely handled and are less prone to deterioration due to contaminations, in particular by moisture and oxygen from air. A procedure to further improve the stability of metal hydrides is to include or embed the hydride in a polymer, as it has been recently studied in the frame of the HyScore project: "Efficient hydrogen storage through novel hierarchical porous coreshell structures with incorporated light metal hydrides" [8] . The deposition of a thin layer of a metal on the surface of the pellet was advantageous, too: coated MgH 2 pellets demonstrated, after 50 hydrogenation/dehydrogenation cycles, variations of dimension eight times lower in comparison to those obtained on pellets prepared without coating [9] .
Future prospects to improve efficient gas storage systems should take into account the relationship between structural characteristics of materials such as composition, structure and morphology, and their thermodynamic and kinetic properties obtained by different characterization processes and the methods existing for suitable materials. In particular, proposing novel synthesis routes for energy storage materials and improving the knowledge in advanced materials characterization techniques should be a target of these developments. Additionally, the use of computational tools for the research and development of materials and systems, ought to be more extensive. For very large amounts of material, numerical simulations are necessary to reproduce and then predict the dynamic responses and to compute the macroscopic properties of a system. The materials discovery approaches based on machine learning techniques, that are used to scan efficiently very large amounts of data and replicate the materials' characteristics in a virtual environment are of special interest in this frame [10] . In order to introduce hydrogen technology to mass markets, a dependence on the availability of critical raw materials (CRMs) for the industry has to be considered. Moreover, the widespread implementation of a hydrogen-based economy is hindered, among other factors, by some technical hurdles, which need to be overcome. Given appropriate materials as described above, the paradigm of hydride usage for hydrogen storage is a completely different one than that of other hydrogen storage forms. Whereas gaseous or liquid hydrogen can be both refueled and used without a direct interaction between the storage and the rest of the host system (aside from the necessary piping to transport hydrogen), the hydride paradigm requires a close coupling of the store and its host system at the heat transfer level. Hydrides, needing a heat supply in order to release hydrogen, have to take it from the waste energy associated with any hydrogen consumer, no matter whether it is a fuel cell, turbine or other type of energy converter. This is the only way to generate a synergy, in which the waste heat emissions are reduced (by using part of it to desorb hydrogen) and correspondingly provide hydrogen from the hydride at a rate suited to the application. Since the rate of hydrogen desorption from the hydride is tied to the amount of heat it receives, the usage of hydrides shows the way for selfregulating systems in the future.
In a recent review, Lototskyy et al. [11] have given an overview on hydrogen storage systems, based on storage tanks integrated with fuel cells, realized in recent years using hydrides as solid-state hydrogen carriers (MH). The definition of a hydrogen storage system, aiming to meet the needs required by specific applications, is mainly related to the selection of the proper MH properties and to the design of the container [11] . However, the selected design strongly influences gravimetric and volumetric capacities of the storage system. These two parameters represent the amount of hydrogen stored, respectively, over the weight and volume base of the system. First of all, it is necessary to define the boundaries of the system, which can be described as the tank, the H 2 -carrier and the thermal fluid necessary for the heat transfer, neglecting piping and valves used as auxiliaries. The main parameters that influence gravimetric and volumetric density of the hydrogen storage systems are MH properties (i.e. the hydrogen gravimetric and volumetric density of the hydrogen carrier) and the tank geometry. The most common tank geometry is tubular, but it can be also planar or discshaped [11] . All variations in geometry are considered to optimize the heat management necessary for the hydrogen sorption reactions. Indeed, the optimization of heat management is crucial [12] , since it affects the speed and the efficiency of the H 2 uptake and release. Thus, modelling of the heat management is fundamental, considering MH thermal conductivity properties and the tank geometry [13] .
The simplest storage tank consists of two concentric tubes, with the solid-state hydrogen carrier in the inner tube and thermal exchange fluid in the outer one. As an example, a hydrogen storage tank based on LaNi 4.8 Al 0.2 to be integrated with a Low Temperature-PEM (LT-PEM) has been realized [1] .
. The selected hydrogen carrier has a maximum gravimetric density of about 1.4 wt.% H 2 . Water was used as the thermal fluid and the working conditions were close to 1 atm of H 2 and 60 C. The system can operate for 6 h at an average power of 0.76 kW and delivers a total energy of 4.8 kWh, consuming about 3120 Nl of H 2 . [1] . Tanks such as this will be described in the following, with particular focus on the requirements and special characteristics associated with the use of hydrides in different applications. Examples of companies, spin offs, etc. using metal hydrides for stationary applications that are looking at the introduction of hydride technology in various markets are: GRZ Technologies AG, GKN Sinter Metal, Microtek, SSDS: Small scale demonstrator SION, Tomodachi [14] and McPhyEnergy to name just a few.
In the following, applications of hydrides will be divided in two main groups: stationary and mobile ones. They place different requirements on the hydrogen supply and therefore some hydrides are better suited to one or the other. Moreover, the technical solutions to achieve the aforementioned synergies between host and storage system are also different depending on the type of application considered.
Hydrogen storage for stationary applications
Stationary applications do not place demanding requirements on the weight of the storage systems used to supply hydrogen in the majority of cases. Since in most scenarios they can be situated on the ground, the weight of such systems is only limited by the amount of hydrogen that needs to be stored. In these applications, the main advantage of hydrides, namely their compactness, can be used to the full extent. Another advantage is the low pressure operation, especially for off-grid systems. In this regard, off-grid systems are by definition in places where the access is difficult and should not require expert personnel, intensive maintenance and/or repair, as is the case with high-pressure systems. For grid-connected applications, this compactness opens the possibility of storing large amounts of energy in relatively small pieces of real estate. More importantly, they allow the decoupling of the power and energy characteristics of the energy supply system, unlike batteries. Therefore, for a given amount of required power, the increase of stored energy is not associated with an increase of power, which makes the hydrogen-based system more easily expandable and ultimately more cost-effective than its battery counterpart does. Heat storage, is an especially suitable use of hydride, because the aforementioned advantage is coupled to the use of the reaction enthalpy of the hydrogen-hydride reaction to achieve a more compact design than the extant alternatives by orders of magnitude. A niche stationary application is hydrogen compression. Ever since the discovery of hydrogen, mechanical compression was the only available method of increasing the density of gaseous hydrogen, but it is associated with sealing problems in reciprocating or rotating machinery, as hydrogen is a small molecule able to diffuse through extremely small gaps. A completely different approach, free from rotating or reciprocating machinery, is the chemical compression of hydrogen using hydrides. In the following, both theoretical simulation
and experimental, applied results will show to advantage the characteristics of such innovative systems, which offer a promising outlook for low temperature hydrides.
Metal hydrides for off-grid systems
One of the objectives of energy storage via hydrogen is to demonstrate the feasibility of using hydrogen to support integration of renewable energy sources into the energy systems. Hydrogen storage, handling and distribution have to be optimized to allow storage of hydrogen at central or distributed production plants and delivery to the customer base.
There are many locations around the world not connected to the electric energy grid such as remote islands [15] and lessdeveloped countries [16] , in addition to public institutions (e.g. hospitals), for which any disruption in electric energy supply could result in serious consequences involving human life. Even though, in most of these places, the use of diesel generators as reliable on-demand power source is still very common, the current energy trends favour implementation of off-grid renewable energy-based technologies. Considering the intermittence of renewable energy sources (RESs) one of the main challenges is the need for storage. Hydrogen storage devices based on metal hydrides have been considered as one viable solution for enabling off-grid installations for power generation and energy storage, as demonstrated by some recent demonstration projects.
One of the first studies discussed the use of metal hydrides for off-grid energy generation/storage systems for farms and mining operations in remote areas of the Australian outback [17] , though with a high estimated cost for its implementation. Bielmann et al. [18] proposed an energy system for a standalone independent living unit (SELF). The electricity generation and storage covered all aspects of living, i.e. space heating and cooking, purified rainwater supply and wastewater treatment. The energy generation unit included PV panels, while energy storage consisted of a PEM electrolyser, a hydrogen storage tank with AB 5 -type metal hydrides and a Liion battery. The selection of the system components was determined based on the general energy generation/consumption analysis specific for the geographical location of SELF. Various combinations of components in the system were tested. The results demonstrated that hydrogen-based options, with their high energy density, were perfect for the long-term seasonal energy storage, while the battery performed better when used for a short-term storage application.
One of the first systems which coupled a MgH 2 -based hydrogen storage tank and a solid-oxide fuel cell (SOFC) was reported by Delhomme et al. [19] . In the tested rig, the high temperature necessary for hydrogen desorption (300e350 C), was achieved by a heat transfer from the SOFC unit. The setup was operated successfully, but the study underlined the essential role of the heat management system. Its optimization was crucial in reducing undesired pressure and temperature fluctuations, which turned out to be the most destabilizing factors for the system efficiency. Simulations regarding this type of coupling have also been successfully carried out [20] , showing that the configuration of the system can be varied considerably, thus influencing the effectiveness of the coupling and therefore the efficiency of the system.
A system based on commercial PEM fuel cell integrated with hydrogen storage tanks filled with 29 kg of LaNi 4.8 Al 0.2 was studied by Rizzi et al. [1] . By optimization of the system heat management, the setup was able to produce 4.8 kWh of electricity, at an average power of 0.76 kW, over a period of 6 h. Parra et al. [21] presented an even more advanced system design for seven dwellings. It included PV panels for power generation combined with a PEM electrolyser, a hydrogen storage tank and a PEM fuel cell. In this case, an extra variable was added e a grid connection. It was assumed that the system could benefit from the grid electricity supplied during the off-peak hours, due to much lower electricity import prices. The commercial metal hydride tank was filled with MgH 2 to store up to 4 kg of H 2 . The tank was designed to work under pressure of 12 bar H 2 and temperatures up to 390
C. The system was tested and evaluated mostly in terms of efficiency for a mid-and long-term energy storage and from the perspective of the H 2 -storage implementation. The results identified the main obstacles related to the efficiency loss as due to the internal components limitations. The study emphasised the important role on the grid connection that significantly improved the performance of the electrolyser and, in turn, increased the system efficiency. Bhogilla et al. [22] proposed a totalized hydrogen energy utilization system (THEUS), which comprised a unitized reversible fuel cell (URFC) coupled to a storage tank filled with MmNi 5 hydride. In this case, two heat reservoirs were used to ensure the stability of working temperatures. The setup was operated by using simulated wind power data from 1.1 kW to 1.1 MW wind turbines as well as a 50 MW wind farm, and tested in both water electrolyser (output power: 4.4 kW) and fuel cell (output power: 0.68 kW) modes. The performance of URFC was investigated in terms of stack efficiency and system efficiency, also including heat recovery from the URFC in both modes of operation. The results demonstrated the suitability of URFC and the tested hydride tank for systems with dynamic variations of the input power and showed a strong dependence of the hydrogen production on the latter.
The application of off-grid integrated energy generation and storage systems appears crucial also for industry. Song et al. [23] tested a system for a mobile light tower used on construction sites. Four hydride tanks, with the total H 2 -storage capacity of 12 kg, were used together with a 5 kW PEM fuel cell. This allowed for a continuous system operation over a period of 58 h. The heat generated by the fuel cell was used for desorption of hydrogen. The refueling time varied between 3 and 8 h depending on atmospheric conditions. When compared to the commonly used diesel counterpart, the hydrogen storage system was quieter, lasted longer, and reduced significantly the CO 2 emission. However, the setup refueling time was longer, and its total cost was significantly higher.
The Sir Samuel Griffith Centre at Griffith University in Brisbane is a demonstration building for clean energy which uses MH reservoirs supplied by Japan Steel Works to store 120 kg H 2 . Power is provided by PV panels on the roof with a peak effective output of 320 kW. Inverters use this power for the building and run electrolysers to generate hydrogen when there is spare PV power. 2 Â 30 kW PEM fuel cells provide
power from the hydrogen store when required. When complete, it will also have a fully instrumented control system for monitoring and for research projects [24] .
In 2016, Toshiba Corporation launched a hydrogen-based autonomous energy supply system called H2One™ [25] . The unit integrated a photovoltaic power generation system (62 kW) with batteries for storing output power, an electrolyser, a hydrogen storage metal hydride tank, also supplied by Japan Steel Works, and a fuel cell (54 kW). H2One™ was installed as an environmentally friendly energy supply for 12 hotel rooms. The energy management system was optimized to ensure that intermittent power generation would satisfy energy demand (electricity and hot water) regardless of the season. The entire system was modularized and housed in shipping containers, enabling easy transport to remote areas or for emergency relief.
For much larger energy storage needs, Kubo et al. [26] proposed a tank with a hydrogen storage capacity of 1000 Nm 
Metal hydrides for smart-grid energy storage
Off-grid systems, as those presented in the previous paragraph, pose peculiar challenges, including following the availability of Renewable Energy Sources (RESs). They need to rely completely on the energy stored, but can work independently. Energy storage integrated into a network, on the other hand, has to balance the production and fulfil demand with a management system. This is required to optimize the overall efficiency and to minimize the operational losses.
An example of such a management system in a smart-grid involving the use of hydrogen and hydrides is described in the HyLab laboratory experiment [27] . In this setup, a 7 Nm 3 hydrogen storage tank is completely integrated in a small smart-grid together with PEM electrolyser, PEMFC and a battery. Interestingly, in addition to the safety and the lowpressure operation, the metal hydride tank did not display any loss of its original storage capacity, while a remarkable loss of capacity in the battery bank was observed.
In larger stationary applications as well, the volume occupied by the storage system can be more of a concern than its mass. In this situation, hydrides present interesting features, and even intermetallic alloys could be a promising and competitive solution [28] .
One case study, where this advantage is carefully evaluated to assess the feasibility of large energy storages, is proposed in the work by Lohner et al. [29] . This is also an example, in which hydrogen would not be processed only in a fuel cell, but mainly in a coal gasification unit with pre-combustion carbon capture and storage, and in a Molten Carbonate Fuel Cell (MCFC) as backup. The integration of the hydrogen storage system allows the accumulation of energy produced in excess (due to the intermittent nature of renewable sources or to the oscillating power demand) and its use when needed, reaching higher load factors and efficiency levels. In the study, the use of hydride (AB 5 , NaAlH 4 , and especially MgH 2 ) drastically reduce the volume required to store 300 GWh of energy [29] . Another instance, where the storage of hydrogen in different metal hydrides is coupled within a natural gas combined cycle plant, has been simulated using Na 3 AlH 6 or MgH 2 [30] . Here, the focus is rather on the increased flexibility of such a system, to match energy demand fluctuations.
Regenerative fuel cells coupled to a hydrogen reservoir can also be used for electrical energy storage in an analogous system to the one described above (THEUS) [31] , incorporated in the grid. Similar to what was observed before for independent living units [18] , the use of hydrogen in comparison with batteries becomes competitive in a long term seasonal storage and, therefore, hydrides and their high useful energy density are an appealing solution.
Solid-state hydrogen storage solutions have been developed also by McPhy-Energy, using MgH 2 based composites in modular systems [32] . The hydrogen can be reversibly stored and re-injected in the grid, in units in the scale from kWh to GWh of energy. This effort would become meaningful in industrial applications with the use of CO 2 -free hydrogen produced with electrolysis [33] .
In a larger scenario, where bulk hydrogen storage is needed for reasons of energy security (when relying on renewable sources), the most suitable methods include metal or chemical hydrides, among others [34] . Massive storage would be necessary prior to local distribution; therefore, given the huge amount of hydrogen and storage material that would be needed, material availability could become the main issue in this case.
Hydrides for hydrogen storage in heat storage applications
Stationary applications that require hydrogen storage in lowtemperature metal hydrides (LTMH) have recently been reviewed [11, 35] . One main application of LTMHs for stationary hydrogen storage is as part of a closed thermochemical heat storage system in Concentrating Solar Power (CSP) plants. In this scenario, hydrogen is neither created nor consumed, but it is cycled between the hydrogen store, a LTMH, and the heat storage/generation system, a highly endothermic/exothermic high-temperature metal hydride, HTMH [36e49] . A further area of current research on hydrogen storage in LTMHs is exploring their potential to store hydrogen produced from a renewably-powered sources. It is interesting when the hydrogen can be released, as needed, to a fuel cell to generate electricity [11, 35] .
A number of different types of low-temperature metal hydrides show promise for stationary hydrogen storage as part of either a heat storage cycle or an electrolyser/fuel cell cycle (Table 1) . Intermetallic hydrides, typically based on titanium, such as AB 2 type Hydralloy C5 [50] and AB type TiFeH x [51] , have favorable kinetic behavior as well as thermodynamics and hydrogen equilibrium pressures that can easily be tailored via elemental substitution, to match the requirements of a particular application [52] . Their main drawbacks are that they suffer from a low gravimetric hydrogen capacity (<~2 wt.% H 2 ) and high cost [53] . In some cases, harsh activation processes are necessary to use them [54] . They often [74] and LiH [75] , stoichiometry and total molar mass of the hydride reagents. e Calculated using the reported density, 6.1 g/cm 3 , for hydrogen-free intermetallic Hydralloy C5 [64] and assuming a volume expansion of 22% upon hydriding [76] . f Derived using crystal density of 6.38 g/cm 3 calculated from reported lattice constants of Ti 1.2 Mn 1.8 [52] and assuming a volume expansion of 22% upon hydriding [76] . g Reaction is associated with a sloping plateau with variable enthalpy and entropies of hydrogen desorption. Upon hydrogen cycling, the equilibrium pressure of this plateau increases to impractically high pressures. i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 4 ( 2 0 1 9 ) 7 7 8 0 e7 8 0 8 also exhibit plateau slope and pressure hysteresis between absorption and desorption, both of which reduce performance in practical applications [55, 56] . Despite this, a number of small-and large-scale systems have demonstrated their feasibility [11, 55, 57, 58] . If efforts to reduce the cost of refining titanium metal from various ores can be realized [59e61], titanium-based intermetallic hydrides would become attractive materials for stationary hydrogen storage. More recently, complex metal hydrides that operate below 200 C, such as NaAlH 4 and Mg(NH 2 ) 2 þ 2LiH, have been investigated for the same purpose. These complex metal hydrides typically possess a gravimetric hydrogen capacity between~2.5 and 6 wt.% H 2 ( Table 1 ) and, in some cases, have the potential for reduced cost of the raw material [62] . However, the kinetics and thermodynamics of complex metal hydrides mean that they typically need to operate at 100 C and above. The enthalpy of hydrogen absorption/desorption of complex hydrides compared to near-ambient intermetallics places greater demands on heat management of the hydride bed which increases the engineering cost of the hydride vessel and heat exchangers. Table 1 shows the cost to store hydrogen for a low-cost titanium based intermetallic, Ti 1.2 Mn 1.8 , compared to some low-cost complex hydride systems based on NaAlH 4 . This shows that the raw material costs, in US$/kg of H 2 , for the NaAlH 4 -based systems are between 2.5 and 4.5 times lower than the Ti 1.2 Mn 1 . 8 . While the cost of a hydride raw material is obviously an important factor in determining its feasibility for a particular application, additional factors that affect the associated engineering costs are also important. These include the practical gravimetric hydrogen capacity, the practical volumetric capacity, the enthalpy of hydrogen absorption/desorption and the kinetics of hydrogen absorption/ desorption [53] . Both intermetallic and complex hydrides typically have practical gravimetric hydrogen capacities that are between~80 and 90% of their theoretical values and, when mixed with expanded natural graphite (ENG), can be compacted into pellets with comparable thermal conductivities and densities that are between~70 and 85% of their respective crystalline densities [63, 64] . This means that practical volumetric hydrogen capacities are typically between~55 and~75% of the theoretical values and, despite the fact that complex hydrides have higher gravimetric hydrogen capacities, the high density of intermetallic hydrides means that their volumetric hydrogen capacities exceed those of complex hydrides by a percentage between~30 and~140%, as seen in Table 1 . When considering the commercially available Hydralloy C5, the volumetric advantage of intermetallic hydrides is further enhanced considering that the enthalpy of hydrogen absorption for this alloy is at least 65% less exothermic than for any of the complex metal hydrides. These two factors combined infer that, for intermetallic hydrides, the engineering costs associated with the hydride containment vessel and the heat exchangers would in general be appreciably less than for complex hydrides [65] . This means that, despite the difference in raw material cost and hydrogen capacity between intermetallic and complex hydrides, choosing the most cost-effective hydride for a particular application is not straight forward, as it would first appear.
Nuclear application of hydrides
An interesting application of hydrides is found in small research nuclear reactors, originally designed in a team headed by Edward Teller and Freeman Dyson and built originally by General Atomics (GA) in 1958 [77e79]. In these TRIGA (Training, Research, Isotopes, General Atomics) reactors the fuel and the moderator are contained in one fuel-moderator rod, which is composed of a zirconium-uranium hydride. A typical composition of such a rod is 91 wt% (weight percent) Zr, 8 wt% U with 20% 235 U enrichment and 1 wt% H. The neutrons are moderated by the hydrogen in the hydride. The moderation of the neutrons in the fuel rod itself implies an inherent safety of these reactors according to the warm neutron principle: If the temperature of the fuel rises for some reason, the temperature of the moderated neutrons raises immediately, i.e. their kinetic energy increases, then their fission ability (cross section) instantly decreases and the reactor shuts down. This feature allows for power bursts up to 22000 MW in TRIGA reactors, although their steady state operation is up to the tens MW region. GA has built 66 such reactors around the globe. Today other countries, e.g. China, design and build this kind of reactors [80] .
Metal hydride hydrogen compressors
The advantages of a metal hydride compressor are the high purity of hydrogen released and the compression carried out with heat instead of work. Moreover, as mentioned above, there are no moving parts and the pressure is high only during operation but not when the compressor is switched off. In the following a lab scale compressor is presented, that allows to produce high pressure hydrogen on demand in the lab and refills automatically from the low-pressure hydrogen line when it is not used. Many applications require high purity hydrogen at elevated pressures of up to 1000 bar. The most prominent example of high-pressure hydrogen storage application is certainly to be found in automotive applications. In fact, the storage of hydrogen in high-pressure cylinders (35 MPa for heavy-duty vehicles and 70 MPa for light-weight cars) seems to have become the standard method, such as in the latest Toyota Mirai [81] . Experimental results will also be shown to be conducive to the set-up of a compressor delivering pressures up to 1000 bar addressing the operational range of refueling pressure of those vehicles. Currently, there exist three main types of technologies to compress hydrogen: mechanical compressors, ionic liquid piston compressors and metal hydrides compressors. Mechanical compressors compress hydrogen with a piston e the so-called p-V work. The actual compression work ranges between the isothermal and adiabatic limits. However, maintaining high hydrogen purity with mechanical compressors is a challenge, mainly because of the lubrication and the abrasion of the piston. Ionic liquid compressors are based on an ionic liquid piston instead of a metal piston as in a piston-metal diaphragm compressor. It takes advantage of two properties of ionic liquids: their virtually non-measurable vapor pressures and large temperature window for the liquid phase in combination with the low solubility of some gases (e.g. hydrogen). This technology allows a reduction in the total number of parts in a compressor and has been successfully applied to hydrogen fueling station for delivery pressures up to 700 bar [82] . Metal hydride hydrogen compressors appear to be a very promising alternative to the above-mentioned technologies for several reasons, as outlined above. First, the compression only uses thermal energy instead of mechanical energy. Thus, the compression exergetic efficiency might exceed that of a mechanical compressor [55] . Furthermore, the lack of moving parts ensures a silent and vibration less operation. The use of metal hydrides allows purifying the hydrogen and ensuring the delivery of ultra-pure (99.9999%) hydrogen [83] . Finally, metal hydrides compressors allow storing hydrogen at low pressure, offering a very safe buffer and increasing the flexibility of the overall system.
Concept of metal hydrides hydrogen compression
The concept of metal hydride based hydrogen compression is based on the thermodynamics of the system. It follows a 4-step process, shown schematically in Fig. 1 . First, hydrogen is absorbed at a low pressure and low temperature and forms a hydride (e.g. LaNi 5 þ 3H 2 / LaNi 5 H 6 ). Thereby, it generates the heat DQ 1 ¼ T 1 ·DS. This can be approximated by using the standard entropy of formation (DS z DS
) and corresponds to 38.74 kJ mol À1 H 2 . This approximation yields reasonable results for moderate pressures (< 200 bar). In the second step, the hydride is heated up until the desired pressure is reached. The energy necessary to heat a solid element from T 1 to T 2 is approximated by [84] . The third step consists of the desorption of hydrogen at high pressure p 2 and high temperature T 2 . During that process, the system requires heat to compensate for the endothermic desorption. The amount of heat required during desorption, DQ 3 ¼ T 2 ·DS, is typically similar to the amount of heat generated during absorption. Finally, the last step consists of the cooling of the system to the initial temperature T 1 . Thereby, the alloy releases the heat
is noticed that the main part of the energy required by the metal hydride compressor is the heat to desorb the hydrogen, while the heat required to heat up the hydride is less than 10% of the overall energy consumption. The equilibrium pressure of the hydride is a function of the temperature according to the van't Hoff equation, as shown in Eq. (1). The van't Hoff plot for a typical metal hydrides alloy is shown in Fig. 1 , right.
The hydrogen compression using metal hydrides is essentially a batch process. However, a continuous stream of compressed hydrogen can be reached by combining two or more systems in parallel, as demonstrated in Ref. [85] . Further fundamentals of the materials and systems for the thermally driven compression of hydrogen using metal hydrides were considered in earlier reviews by the authors [55, 86] .
In chemical and metallurgical industries where inexpensive low-pressure hydrogen is produced in large amounts while the sources of low-potential heat as steam at T 150 C are available, MHCs (Metal Hydride Compressors) can be profitably used [55, 86] . Industrial-scale prototypes characterized by H 2 discharge pressures up to 150e200 bar and productivities of several Nm 3 H 2 /h are available at HYSTORSYS AS, Norway [87] and University of the Western Cape, South Africa [88] . Special Design Engineering Bureau in Electrochemistry, Russia [89] , University of Birmingham, U.K. [90] , Hystore Technologies Ltd, Greece [91] and a team of researchers from USA funded by a DoE project also report developments in the field [92] . Another important application of the MHC concept is its use in the design of high-pressure Sieverts devices to characterize the thermodynamic and kinetic properties of high equilibrium pressure hydrides. As an example for this application, a high-pressure Sieverts device at Moscow University works at pressures up to 2500 bar. This special Sieverts device consists of a purification system, a high-pressure generator, a buffer and a sample holder. Two pressure transducers with upper limits of 250 bar and 3000 bar are used to record the drop and increase of hydrogen pressure upon absorption and desorption, respectively. The hydrogen supply is connected to Fig. 1 e Working principles of the metal hydrides hydrogen compressor (left) and van 't Hoff plot for a typical AB 5 alloy (from Ref. [85] ). 
the purification units composed of two vessels filled with AB 5 -type alloy (LaNi 5 ) and AB 2 -type alloy (TieZreCeMn), preventing any contamination of the high-pressure generator. The high-pressure generator contains VH 2 to provide the required high pressure based on the MHC concept discussed above [93] .
Modelling metal hydride compressors
As mentioned above, a metal hydride based solid-state compressor potentially offers significant advantages over mechanical compressor systems. In order to translate these advantages into commercially viable solid-state compressor systems there are key engineering challenges relating to heat management, material properties and system operation which must be addressed [86] .
Impact of thermal performance
Generally, a key factor in the performance of all metal hydride applications is the thermal properties of the metal hydride, which include the thermal conductivity, enthalpy of reaction (as explained in detail above) and reaction kinetics. The majority of metal hydride empirical studies available in the literature have utilized relatively small amounts of storage material from which to generate data [94, 95] . Although this is the most practical approach to the characterization of metal hydride candidates, it does not necessarily yield reliable insight into the actual performance of the larger scale systems that are being envisaged for commercial applications [13, 19, 96] . It cannot be assumed that as the size of a system is increased then the material properties that dominated the performance of small sample of material will also be the most dominant properties when the material is utilized on a larger scale. This has been shown to be the case with complex hydrides [97] . Using a numerical modelling, the variation in impact, that effective thermal conductivity, reaction enthalpy and reaction kinetics has on the system performance, has been investigated by comparing two reactors containing an AB 5 alloy. Reactor (i) represents a typical size of sample system used for the characterization of metal hydrides, 0.2 g of metal powder, and reactor (ii) represents the scale of system required for a specific commercial thermal storage application, 30 kg of metal powder. The impacts of the mentioned parameters are explained in the following.
Effective thermal conductivity. A sensitivity study on the effective thermal conductivity using a numerical model indicated that small improvements in the thermal conductivity of the bed material would have significant effects on the store performance up to a value of ca. 1.5 Wm resulted in a significant decrease in the time it took for both reactors to reach 90% of their stored energy capacity and is illustrated in Fig. 2 left and right. There is an experimental and theoretical evidence that the achievable effective thermal conductivity of powdered metal hydrides is about 1e1.5 Wm À1 K À1 [98] , which in itself shows a promising path in future developments.
Although the same trend is observed for both reactors there is a much higher impact on the performance of the large scale system. Over the initial increases in effective thermal conductivity, from 0.1 to 1.2 Wm
, the small scale reactor increases the time to reach 90% of its thermal storage capacity by a factor of 1.7 (320 s reducing to 190 s), whereas for the large scale system the improvement in performance is increased by a factor of 5 (5.3 h reducing to 1 h).
Enthalpy of reaction. For metal hydride powders, there is the opportunity to tune the reaction enthalpy so that the equilibrium pressures of the material match the desired operating conditions of a specific application. In the case of metal , only modest increases in system performance are obtained for comparatively large increases in effective thermal conductivity. 
hydride compressors, this may allow a better match to be made between the available heat source and the resultant over pressure of the hydrogen gas. The reaction enthalpy also governs the thermal energy capacity of the storage system per kg of storage medium and so changes to the reaction enthalpy lead to changes in the system thermal capacity. Using the numerical model and assuming that changing the reaction enthalpy has no impact on the equilibrium pressure it can be seen that for reactor (i), changes in reaction enthalpy have a relatively small impact on the system performance, as can be seen in Fig. 3 (left) . For reactor (ii), the large scale system, the same changes in reaction enthalpy result in much greater changes in system performance where the time taken to reach 90% thermal storage capacity increased by a factor of 2, as can be seen in Fig. 3(right) .
Reaction kinetics. Finally, the impact of reaction kinetics on system performance was compared and for this study, it was imagined that incremental increases in the rate of reaction were achieved through staged enhancement of the kinetic properties of the material. It was found that a significant increase in the rate of reaction had a large impact on the system performance of reactor (i). In Fig. 4 (left) the time to reach 90% of thermal storage capacity is reduced by a factor of almost 3 through kinetic enhancement. In contrast applying the same enhancement to the kinetics of the large scale system, reactor Fig. 3 e The impact on system performance due to increases reaction enthalpy for 0.2 g (left) and 30 kg (right) of metal powder. Increasing reaction enthalpy has a greater degree of impact on the larger system (b) than on the smaller system (a). Fig. 4 e The impact on the system performance due to enhancement of reaction kinetics for 0.2 g (left) and 30 kg (right) of metal powder. Increasing the rate of reaction has a significantly greater impact on the smaller system (a) than on the larger system (b).
(ii), resulted in almost negligible improvement in system performance, as can be seen in Fig. 4(right) .
It is evident that when optimizing both the design of the reactor and the properties of metal hydrides for use in solid-state compressor systems, that consideration must be given to the effect that scaling up has on the overall system performance. As demonstrated in the preceding numerical investigation, increasing the effective thermal conductivity and reaction enthalpy has a considerably greater impact on the performance of a large-scale system than it does on the small-scale system. Conversely, the impact that reaction kinetics have on the performance of a small-scale system is considerably greater than that of the large-scale system, confirming previous results [97] . For relatively large-scale systems, it must not be assumed that enhancements of certain material and thermal properties will deliver proportionate improvements in system performance.
Design of a lab-scale metal hydride compressor (MHC)
A metal hydride hydrogen compressor (HyCo) was developed for laboratory applications. The compressor absorbs hydrogen from a low-pressure source (p i < 8 bar) such as an existing hydrogen line or a small-scale electrolyser. The metal hydride bed is then heated on demand until the required desorption pressure is reached (Fig. 5) . The ramp-up time to reach the maximal pressure of 150 bar (200 optional) is less than 6 min, as shown in Fig. 6 . A system of check valves ensures that the hydrogen flows in the right direction. A control system then maintains the pressure constant by adjusting the temperature of the system while hydrogen desorbs. Because of the phase transition occurring during desorption, the temperature remains nearly constant during that process. As the compressor is switched off, it cools down to room temperature and the pressure decreases below the pressure from the external source of hydrogen. Thus, the hydrides start to absorb hydrogen and the compressor gets refilled automatically.
The main characteristics of the HyCo MHC system are summarized in Table 2 . A particular emphasis is laid on safety, with several passive elements such as pressure relief valve, thermal fuse and redundant sensors embedded in the system. The HyCo complies with the Pressure Equipment Directive (PED) 2014/68/EU. This system allows replacing highpressure cylinders in the laboratory environment, thus increasing the safety level and facilitating the handling of hydrogen. 
This shows that metal hydrides hydrogen compression is an attractive method to pressurize hydrogen. As said before, also this system can work with waste heat, does not require any mechanical work, delivers highly pure hydrogen and allows storing the hydrogen at low pressure. This is an enormous advantage regarding safety. Finally, the operation is silent and does not cause any vibration e further increasing its usability in the laboratory environment. The laboratory compressor HyCo from GRZ technologies Ltd. is an ideal tool for the experiments that require high-pressure hydrogen. It avoids the installation of high-pressure cylinders in the laboratories. Furthermore, the MHC can be used as a safe source of hydrogen for beam lines in large experimental facilities like neutron sources and synchrotrons.
High discharge pressure metal hydride compressors
Development of MHCs providing high discharge pressures, exceeding 200 bar, which are in demand for the refueling of fuel cell powered utility vehicles and buses (above 400 bar), or passenger cars and unmanned aerial vehicles (above 700 bar), faces challenges from both MH material selection and engineering points of view. Although a successful application of MH for the generation of hydrogen pressures up to several kilobars has been demonstrated a long time ago [55] , achieving a reasonably high compression productivities remains unsolved.
An upper limit of the cycle productivity of thermally driven hydrogen compression utilizing MH can be estimated from the analysis of the isotherms of hydrogen absorption in a MH material. A lower operating temperature, T L , is applied during the cooling of the system and hydrogen desorption from the MH at a higher temperature, T H , is applied during the heating of the hydride to achieve H 2 compression [55, 86, 88] . When correctly selected, the productivity of compression will be close to the reversible hydrogen sorption capacity and equal to the difference between hydrogen concentrations in the hydride phase at the temperatures and H 2 pressures corresponding to H 2 suction (absorption at T ¼ T L ) and H 2 discharge (desorption at T ¼ T H ) processes, as illustrated in Fig. 7 . [89] . From comparison of Fig. 7A and B, it can be seen that metal hydride H 2 compression shows a reasonably high productivity only when the selected H 2 discharge pressure is below or at the plateau pressure of hydrogen desorption at T ¼ T H . In contrast, when the discharge pressure exceeds the equilibrium pressure, the cycle productivity dramatically drops to unpractically low values. Indeed, for La 0.5 Ce 0.5 Ni 5 desorption at 500 bar H 2 /150 C results in a release of only 23 NL H 2 /1 kg of the alloy (see Fig. 7A ). Such low productivity is because the desorption pressure is located above the plateau pressure. (Fig. 7A ). Further destabilization of the AB 5 -based hydrides by increasing cerium content is not a viable approach because of a significant increase in hysteresis resulting in the decrease of the 1 Cerium is known to reduce stability of the formed hydride and to increase stability of the intermetallic alloy during prolonged cycling (Tarasov et al. [89] ).
compression ratio (i.e. higher suction pressures will be needed to achieve the target discharge pressure). Furthermore, this disadvantage is accompanied by another drawback, which is in increased energy consumption required to achieve H 2 compression [55, 89] .
As is well-known, C14-AB 2 type intermetallics are characterized by a broad range of hydride stabilities, low hysteresis and good cycle stability. Thus, they are most suitable to be used for the high-pressure hydrogen compression and are frequently utilized in the MHC with H 2 delivery pressure !200 bar [55,86e88] . Quite frequently, the AB 2 -type intermetallics for hydrogen compression are multicomponent alloys comprising of Ti and Zr from A side and Cr, Mn, Fe, Ni and V from B-side. The stability of the AB 2 -based hydrides can be decreased by increasing the Ti:Zr ratio, in parallel with an increase in the content of Fe and Ni, and decrease in the content of V in the alloy. The ratio of the B components, first of all, Cr:Mn:V, also determines the PCT properties, including maximum hydrogen sorption capacity, plateau slope and hysteresis of hydrogen absorption and desorption [90, 99] . Thus, selection of appropriate compositions of the AB 2 alloys for hydrogen compression is a difficult task requiring optimization of their composition. Fig. 8 and Table 3 present experimental data and modelling results [100] describing PCT properties of a multicomponent Ti 0.7 Zr 0.3 (Cr,Fe,Mn,Ni) 2 alloy used in the studies of high pressure H 2 metal hydride compression which were carried out at IFE (Norway) and UWC (South Africa). Fig. 7B shows that by applying this particular AB 2 -type alloy, it is possible to achieve reasonable cycle productivity (~60% of the H 2 absorption capacity) when compressing H 2 from 100 to 500 bar in the temperature range 15e150
C. The productivity can be further increased by tailoring the alloy composition, first of all by increasing the critical temperature of the transformation a-solid solution e b-hydride, thus allowing to reduce a residual hydrogen concentration when desorbing high pressure H 2 .
Increase of the reversible hydrogen sorption capacity at the pressure/temperature conditions applied in the H 2 compression process will allow to increase the cycle productivity and is the most important target in the development of the MH materials for the high pressure H 2 compression. Improvement of activation performance and tolerance to the poisoning by gas impurities in H 2 should be also addressed as important operational parameters. Table 3 were obtained by the fitting of the experimental data using model [100] . [100] , errors of the refined fitting parameters were assumed to be equal to their increments or decrements resulting in~1% increase of the sum of squared distances of the experimental points from the calculated curves plotted in C/C max e ln P coordinates. b Not refined. 
Further to the appropriate materials selection, efficient hydrogen compression requires proper addressing of the engineering problems. The main problem becomes critical when increasing the discharge pressure of the MHC to !400e500 bar. Such compression will be much more efficient when reducing the dead space of a MH container for H 2 compression and gas distribution lines, as well as when decreasing the materials heat capacity by reduction of the weight of the MH container. This will obviously minimize the heat losses during its periodic heating and cooling without compromising a safe operation.
In line with the goal to decrease heat capacity of the MH compression system, recently UWC has developed a prototype composite MH container (carbon fiber wound stainless steel liner which comprises a MH cartridge) specially designed for the conditions of hydrogen compression applications (in collaboration with TF Design (Pty) Ltd (South Africa)). The features of the container include burst pressure >1850 bar, test pressure 650 bar, further to the high stability of the fiber winding against delamination during the pressure e temperature cycling.
Performed tests of the container (see Fig. 9 ) when using steam at temperatures up to 150 C showed a feasibility of its application for hydrogen compression to reach a pressure of 500 bar. This maximum pressure can be achieved in less than 10 min after the start of the heating with steam. The MH cartridge contains 1.8 kg of the AB 2 -type material described above which provides about 270e290 NL H 2 of full hydrogen sorption capacity and gives 100e150 NL H 2 released at a pressure of 500 bar. Finally, the task of further increasing the output pressure of the MH compressor from 500 to 700e800 bar will be more challenging. At these higher pressures and temperatures of around 150 C a degradation of the intermetallics on cycling can be envisaged, particularly for the AB 5 type alloys. Therefore, an extra compression step would be required, increasing technical challenges in achieving the high pressure target goal. In conclusion, metal hydride compression has great advantages compared to other alternatives, however, it is a complex process with its efficiency determined by the degree of compression from P low to P high and the productivity of the process, defined as the amount of compressed hydrogen provided to a supplier at a pressure P high in kg H 2 /h. In general, compression via metal hydrides requires several synchronized steps of compression. Additionally, not only the theoretical limits of the process determined by the ideal thermodynamics of the metal-hydrogen systems (van't Hoff Eq. (1)) need to be considered. Their nonideal behavior (hysteresis, slope of the isotherms, partial instead of complete reversibility of hydrogen absorption and desorption, etc.) need to be taken into account. Lastly, equally important effective kinetic parameters of the processes of hydrogen exchange performed in the dynamic conditions and heat transfer constraints determine the characteristics and, ultimately, the design of large-scale MH-based compressor systems.
Hydrogen storage for mobile applications
Mobile applications present a somewhat different spectrum of requirements from stationary ones, in that emphasis is put on characteristics of the hydrogen storage system that were not as important in the other cases. Most noticeably, while weight was of secondary importance, it requires increasing attention depending on the mode of transportation. Waterborne craft and railroad rolling stock are customarily counted among the heaviest transportation machines developed by humankind. The largest ships displace upwards of 440000 tons, as in the case of the TI class supertankers [101] . Trains can transport up to 82000 metric tons, as in the case of the BHP Iron Ore [102] . Road-bound vehicles are usually much lighter (except in very few, selected cases, in which speed is then dramatically reduced, such as the Scheuerle SPMT which, using a special construction, can move weights above 15000 tonnes [103] ). Airborne craft demand attention for every gram of weight added to them, no matter their size, but especially in the case of massive airplanes like the Antonov An-225 with its 640 metric tons gross weight [104] . From this impromptu comparison, it is evident that the change from waterborne to rail to road transportation implies a reduction for each step of an order of magnitude in the weight that can be carried around. The switch to airborne transportation, however, diminishes this weight by two full orders of magnitude. Correspondingly, applications in floating or underwater craft will be addressed first, followed by railroad and then road bound applications. There are no known applications at present of hydrides for hydrogen storage in airplanes as the main energy carrier. Another consideration attached to the usage of hydrides in mobile applications is the engineering associated with the heat exchange between the hydride storage tank and the host system. While in stationary applications, the heat involved both in the charging and discharging of hydrogen can be managed by conventional heat exchangers and liquid heat transfer agents with heat sinks in the form of relatively large vessels, this is not possible in mobile applications. There, the inventory of heat exchange agents has to be kept to a minimum and the heat exchange apparatus should be as compact and efficient as possible, to avoid occupying payload volume and/or producing unwanted aerodynamic or hydrodynamic flow resistance. Moreover, the amount of time required for charging is a variable that, under normal circumstances, is relatively uncritical for stationary applications. It is, however, closely related to the heat exchange mentioned above. This is due to the fact that, for stationary applications, a charging hydrogen source is usually directly attached to the storage system, either in the form of an electrical grid (however small) plus electrolyser, or a reformer for some type of raw material such as natural gas, biogas or other hydrocarbons. This is not the case for mobile applications. By their very nature, such systems are usually away from a recharging point, which means that the craft needs to go on purpose to the charging point in order to refuel and continue its task. Therefore, recharging is a non-revenue generating activity, which should be kept as short as possible. This increases the requirements for the heat exchange systems that are necessary to dissipate the heat liberated by the hydride during charging; to the point that it could be said that they dominate the engineering of such storage systems, especially those for light duty road bound vehicles [105] . This is closely related to the heat storage considerations mentioned in the "Stationary Applications" section.
Underwater and waterborne applications
An underwater application is the largest-scale one for metal hydrides used for hydrogen storage in conjunction with a fuel cell in a mobile application to date: it is the type 212A submarine and its larger derivative, the type 214 [106e111]. The system is also installed in the Dolphin class and available as a so-called "plug" to be inserted abaft the conning tower (or sail) as a refit for older submarines, for instance the Type 209 [111] . In all these submarines, an expansion of capabilities for conventional, diesel-electric powered submarines such as had not been known since the 30s and 40s with the Walter hydrogen peroxide system [112] has been achieved. Indeed, for a generic vessel of about 3000 tons displacement, a nominal 100 MWh is deemed enough to yield the desired benefits using a PEM fuel cell of 600 kW [113] : the underwater range is increased by a factor of almost five in comparison with a single battery charge; the maximum submerged endurance rises to about 14 days. The detectability of the submarine is lowered because, at lower speeds, it does not need to snorkel, while at higher speeds than those allowed by the fuel cell on its own, the range is increased by judiciously coupling together the fuel cell and the battery. The storage of hydrogen has been, until now, by way of room temperature metal hydrides, because analysis of the conditions on board disqualified other hydrides with higher capacities (or those which can be hydrolyzed) [114, 115] . The result of a comparison cannot be in doubt when the criteria to evaluate the hydrides include at least 120 g/liter for the volumetric capacity and, most importantly, an operating temperature between 20 and 50 C [114] . The storage cylinders for the hydride are located on the outside of the pressure hull, aligned with it and mainly on the lower part of the submarine, to avoid destabilizing it, since their weight is considerable. This arrangement is hardly new, since already the Type XXIX K1, developed in 1944, showed a similar placement, this time for the oxygen cylinders to be used in a closed-loop diesel propulsion scheme [116] . However, the quest for even higher performance in subsequent models has turned the attention towards onboard reforming of hydrocarbons as a source of hydrogen [117] . Since in this case, operating temperatures of between 250 and 300 C for the reformer seem to be acceptable, it might be of interest to evaluate high temperature hydrides such as MgH 2 for this application again. The most convincing argument would be, besides the higher gravimetric capacity, the fact that such hydrides still do not need oxygen or water to generate hydrogen, as opposed to the reforming of methanol (the fuel of choice in the reference mentioned above). Since the amount of oxygen that can be transported in the submarine is obviously limited, a new comparison, especially including the use of high-temperature fuel cells might change the whole outlook of these systems. It should not be overlooked that reformer systems require an exhaust of the CO 2 (and other reforming products) to the outside. At depth, this requires the compression of this stream to around 30 bars if operating at 300 m, for instance. At shallow depths, such as those encountered in coastal waters, the exhaust may even be detectable, either visually or chemically. This is the reason for including a specific piece of machinery to dissolve the gaseous exhaust in water prior to pumping the mixture outside of the submarine. This is an additional factor in the overall weight and volume needed by the energy storage system of the vessel. Elimination of these ancillary systems in favour of a larger amount of stored hydrogen using advanced hydrides could lead to a system with improved performance in comparison with the more conventional methanol reforming technology. An even greater change would be the combination of high and low temperature hydride and fuel cell systems for different operational regimes. For instance, a high temperature hydride combined with a medium-sized modular SOFC could provide power during transit to the operational area at speeds up to around 10 knots. A part of the power plant could be then shut down for slow patrolling, which requires little power as demonstrated by the extant PEM technology in the Type 212A. Since this high temperature system is relatively unresponsive, it should be used as a sort of baseload power plant. An additional low temperature, quick-reaction hydride system with PEM fuel cells of relatively high power could be used for combat situations, in which sudden spurts of high speed are needed for attack or evade manoeuvres. Moreover, the triedand-true "sprint and drift" operation as practiced by the US Navy could, within limits, be used by such future advanced submarines.
It is not only in the realm of military applications that underwater craft have benefitted from the use of metal hydrides for hydrogen storage. Civilian-used submarines, especially the so-called AUVs (Autonomous Underwater Vehicles) have also made use of them, especially in the case of larger craft [118] for which higher endurances are desired. Undoubtedly, the constellation of hydrogen storage compactness together with a relative disregard for weight considerations (due to the fact that underwater craft need larger amounts of ballast to keep submerged and compensate for the buoyancy of the low-density payload spaces), together with their relative insensibility to temperature changes make the room temperature hydrides an attractive proposition [119] .
Metal hydrides have proven to be also not only useful, but extremely long lasting in a fluvial environment: the "Ross
Barlow" canal boat, for instance, has performed admirably [120] and is expected to be able to operate for up to 100 years.
Railroad applications
The fact that metal hydrides have proven so effective in the marine environment suggests that usage of hydrides for hydrogen storage in other applications, in which space is at a premium, but weight is a secondary concern, could be equally successful. Such an application is railroads. Here, large amounts of energy need to be supplied to the traction engines for long periods of time when the lines are not electrified. Actually, the usage of hydrogen in railroads, independently of whether the hydrogen is stored in hydrides or not, has been championed since 2004 under the generic term of hydrail [121] . Although the advantages of hydrogen in general seem quite obvious [122] , the large investments associated to developing new rolling stock, as well as a non-existent supply chain for hydrogen in the necessary amounts have slowed down the deployment of the technology. Until recently, a lot of the work was of a theoretical nature [123, 124] or at the scale of prototypes [125, 126] . However, the technology seems to be picking up momentum, both in China (CSR Sifang) and in Europe in the form of the much-publicized Coradia iLint [127] .
Focusing on the narrower topic of hydride stores in trains, some smaller scale applications have been developed or studied [128e130]; larger scale systems are more scarce [131] but have shown good results, especially regarding cooling during the hydride loading process. Using a large water tank as a heat sink, a cooling rate of 2 MW was achieved in the system by Vehicle Projects LLC in Denver, CO. This allowed a charging time of around 30 min, which is extremely good for such an application: the tank was comprised of 213 kg of Hydralloy C15 (Table 1 ). The bed gravimetric capacity was 1.4 wt %. It stored 3 kg of hydrogen dispensed at 2e3 bar for a continuous operation of 8 h at the average power of 6 kW. Peak power was 17 kW. It could pull 4 tons of ore-loaded wagons [132] . It seems that the advantages of hydrides for hydrogen storage, as opposed to compressed gas, are compactness, simplicity, low-pressure operation and usage of the relatively high specific weight of the materials to lower the centre of gravity of the vehicles. Especially the low pressure requirements of metal hydrides and their ability to operate for extended periods of time without hydrogen emissions offer an improvement in safety that cannot be ascribed to other hydrogen technologies. Liquid hydrogen tends to be a technique to be used for shorter spans of storage time, since boil-off is always to be considered [133] . Ideally, a use for the boil-off gas should be found. The achievement of zero boil-off tanks has been investigated [134] , but is still not a reality, except maybe for niche applications in the aerospace arena [135] . Pressure tanks are, by definition, forced to operate at high pressures, which require safety measures to avoid an explosive release of hydrogen. While pressure vessel explosions are extremely dangerous, no matter which gas is stored in the vessel, hydrogen adds the flammability hazard. The spontaneous ignition of released hydrogen has been studied [136] and shown to be a risk with a direct relationship to the pressure of the vessel releasing the gas [137e142]. This fact alone speaks for the usage of hydrides whenever a release of gas is especially to be avoided. This is the case for underground rolling stock, since a release of hydrogen in the confined spaces of an underground mine would be devastating. For this specific use, railway systems have been developed, as shown in the example above, that have shown the feasibility of the concept [132, 143, 144] .
Road bound applications

Heavy duty utility vehicle applications
Similar to waterborne applications, where the low gravimetric hydrogen storage capacity/high weight of (inter)metallic hydrides can bring benefits in stabilizing a vessel without carrying additional ballast [145] , another important application of H 2 storage and supply systems based on materials with low gravimetric H 2 storage densities is in heavy-duty hydrogendriven utility vehicles. One successful application is a metal hydride based hydrogen fuel cell forklift which, during its operation, requires the use of a significant weight counterbalance and, at the same time, meets strict space constrains. These constraints determined the success of the fuel cell power module and hydrogen storage system [11, 146] . A successful integration of metal hydride hydrogen storage in electric forklift (STILL, GmbH) equipped with fuel cell power module (Plug Power, Inc.) has been demonstrated by HySA Systems Competence Centre in South Africa [147, 148] (see Fig. 10 ).
The forklift (1) utilizes a hybrid (hydrogen fuel cell þ battery) power module (2) where the fuel cell is integrated with the MH hydrogen storage system. The H 2 store of the forklift is recharged at the hydrogen refueling system (3) consisting of a low-pressure H 2 supply line and a MH hydrogen compressor used during periodic refueling of the on-board hydrogen storage system of the power module (2).
The "distributed hybrid" hydrogen storage system is described in Ref. [149] and consists of a compact MH hydrogen storage unit with twenty stainless steel containers (∅51.3 Â 800 mm each) filled with Ti 0.65 Zr 0.35 (Fe,Cr,Mn,Ni) 2 hydrogen storage alloy immersed in a water tank (950 Â 120 Â 700 mm). In addition, the MH hydrogen storage unit contains a 74.2 L composite cylinder filled with compressed H 2 . The power module and the MH unit are placed in the battery compartment of the standard forklift as shown in Fig. 10 (bottom right) . Both the forklift and the refueling station have been in operation at Impala Platinum Refineries in South Africa since October 2015. During the 3 years of continuous operation in an industrial environment, both MHbased systems demonstrated excellent performance, meeting the demands from the industrial customer. During operation, hydrogen refueling of the forklift (at dispensing pressures of 150e185 bar) takes no longer than 15 min. The 15 min refueling cycle yields a useable hydrogen storage capacity (MH system þ compressed H 2 ) of about 1.83 kg H 2 . This is 8% higher than the usable capacity of the standard compressed H 2 tank in the commercial power module (1.69 kg H 2 ) at the standard refueling pressure of 350 bar. Shortening the refueling time to just 6 min allows recharging of 1.52 kg of H 2 , which exceeds 80% of the maximum usable hydrogen storage capacity of the forklift system.
Hydrogen refueling (system 3 in Fig. 10 ) is provided by a thermally driven hydrogen compressor, which utilizes low pressure H 2 (below 50 bar) produced at a customer site. It compresses the hydrogen to a high pressure (200 bar), at which it is stored in a buffer tank (standard gas cylinder pack). Later, during the operation cycle, hydrogen is dispensed to the H 2 storage system of the vehicle where it is used at operating pressures between 150 and 190 bar H 2 . The advantage of using such type of system is that these pressures are significantly lower than the !350 bar dispensing pressure necessary for the refueling of the standard compressed H 2 system alone, making hydrogen storage more safe and less expensive. Another advantage of using metal hydride hydrogen compression lies in the fact that it is thermally-driven, with heat supplied by the use of low-grade steam (120e140 o C). Cooling is achieved using circulating cooling water (15e25 C); both are available at the site of the industrial customer and utilized "for free" without extra capital investments while saving the electrical energy that would otherwise be required for the process.
Light passenger vehicle applications
Hydrogen and fuel cells are internationally recognized as a long-term solution enabling the use of renewable energy for mobile applications providing zero particle emission and a carbon neutral transportation system [150] . Unfortunately, safe, energy-and cost-efficient compression, refueling and on-board storage of hydrogen allowing it to be the successor for gasoline are still lacking [151] . Hydrogen compression is today energy intensive, with insufficient capacity and expensive system components [152] . Secondly, no hydrogen 
storage method has yet been identified that fulfils all the requirements for mobile applications neither in the gas-(high pressure), liquid-(cryogenic) or solid-state. It is still a challenge to find a suitable hydrogen reservoir for the environmentally friendly fuel cell powered vehicles, or at least to reach an optimum trade-off between the requirements for vehicle usage and the characteristics and natural limitations of a hydrogen storage system. In this regard, the cruising range of vehicles is constrained by the amount of hydrogen on-board, since hydrogen has just one tenth of the energy as compared to gasoline in the same volume. In terms of efficiency and safety, it is preferable to keep gaseous hydrogen under low pressure. However, it is not possible to store enough hydrogen under low pressure in vehicles to achieve meaningful driving ranges. Therefore, it is imperative to compress hydrogen gas or to make it absorb into a solid material to increase its density. Neither compressed hydrogen gas technology under 700 bar nor solid-state hydrogen storage systems fulfil all of the demanding requirements in terms of safety, efficiency and cost for vehicular applications [153, 154] . In the following, the hybrid solid-state/pressurized gas concept will be presented and then the results of research projects showing promising results with innovative hydrides will be introduced.
Hybrid pressure-hydride hydrogen storage technology for vehicular applications
For on-board hydrogen storage on fuel cell vehicles (FCV), the combination of metal hydrides and 350 bar pressure vessels has been proposed as a realistic solution. This concept is known as "hybrid hydrogen storage vessel" [155, 156] . The hydride forming material suitable for this kind of application should have the following properties: (1) hydrogen weight capacity over 3 wt.%, (2) low heat of formation of about 20 kJ/ mol, (3) high desorption equilibrium pressure over 10 bar at e 30 C, (4) absorption equilibrium pressure lower than 350 bar at 120 C and (5) good cycling stability with less than 10% of capacity loss after 1000 cycles [157] . Special efforts were put into designing suitable room temperature hydrides owing to their high volumetric hydrogen capacity. In this regard, high equilibrium pressure TieCre, TieMne and ZreFe-based alloys (AB 2 alloys, BCC and Laves phase hydrides) were prepared by arc melting and their crystal structures, morphology and thermodynamic and kinetic properties have been studied. The hydrogen capacity and equilibrium pressures of these hydride forming materials can be tuned by changing their compositions and by substituting their main components for metals such as Mo, V, Zr, Mn and Fe, among others [157e165]. The equilibrium pressure (p eq ) values of room temperature hydrides depend on the ratio between the bulk modulus (B) and the cell volume (V o ), ln(p) ∞ B/V o [158] . Thus, for instance, the partial substitution of Ti for Cr or Mn in TieCreMn alloy causes a decrease in the equilibrium pressure because the cell volume is increased by the larger size of Ti (metallic radii Ti: 0.147 nm, Cr: 0.119 nm and Mn: 0.118 nm) [158] . Substituting V for Mo in the TieCreV alloy increases the equilibrium pressure. V and Mo have similar sizes, keeping the same cell volume after the substitution. However, the bulk modulus of Mo (B: 230 GPa) is higher than the one for V (160 GPa) [161] . For the case of TieCreV alloy the hydrogen capacity can be tailored by Table 4 e Properties of room temperature hydride forming materials for the "hybrid i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 4 ( 2 0 1 9 ) 7 7 8 0 e7 8 0 8
changing the Ti/Cr ratio. Table 1 summarizes the properties of some room temperature materials investigated for the hybrid concept. It is possible to observe that the hydride forming alloys do not fulfill all of the above mentioned requirements. Corgnale et al. [166] performed a structural analysis of the different containers for hybrid hydrogen storage tanks. The structural analysis took into account different wall materials like stainless steel (SS316) and composite materials (GFREC: graphite fiber reinforced epoxy composite) in the range of pressure from 50 bar to 850 bar. On one hand, results for an optimized hydrogen gravimetric and volumetric capacity showed that, for the SS316 wall material, high gravimetric capacity hydrides under low pressure (50 bar) are convenient. On the other hand, for GFREC materials with low density and high allowable stresses, high pressures (350 bar) are more suitable, particularly when a low gravimetric capacity hydride (1e3 wt.%) is available.
Two hybrid concepts were proposed so far: (1) hybrid storage tanks, consisting of the hydride material and pressurized hydrogen gas in the same container and (2) distributed hybrid system, in which the hydride material and the pressurized hydrogen gas are in separate vessels [149, 155, 156, 159] . Already there exist hybrid hydrogen storage tank prototypes containing TieCreMn and TieCreVeMo for an operative pressure of 350 bar [155, 156, 159] . Lototskyy et al. [149] proposed a "distributed hybrid system" to be used for on-board low temperature fuel cells. This system consists of individual metal hydride tanks filled with a medium stability AB 2 -type alloy coupled with a separate compressed gas tank. Table 5 summarizes some relevant features for the different hydrogen storage methods, i.e. low-pressure metal hydride tank, high pressure gas tank, hybrid tank containing TieCreMn and TieCreVeMo as well as the distributed hybrid system. The hybrid concept profits from the reduction of hydrogen charge pressure in comparison with the 700 bar reinforced tanks. In the case of the low-pressure metal hydride tank, it has higher hydrogen storage density than the hybrid concept, but it has serious problems for hydrogen refueling, hydrogen release control and the availability of hydrogen at low temperature is not possible. In comparison with the 350 bar gas pressure tank, the hybrid concept benefits from higher storage capacities with the same hydrogen refueling, hydrogen released and control conditions. Furthermore, the hybrid concept provides flexibility to be adapted to a distributed system and fast response for the transient working conditions (acceleration or startup of the vehicle). In particular, the innovative distributed hydride system presents a hydrogen storage density similar to that of hybrid hydrogen storage tanks in one vessel, easier thermal management and lower hydrogen operative pressure (100 bar).
Despite all the advantageous technical aspects of the hybrid concept, there are still some issues to be solved. First, most of the hydride forming alloys have relatively low hydrogen gravimetric capacities and have relatively high costs for scaling up [167] . Second, it still demands the utilization of high cost composite materials for the wall of the tank, particularly for the 350 bar hybrid tanks. Finally, the utilization of 350 bar compressed gas causes high indirect costs associated with the use of expensive refueling infrastructure. Therefore, more work must be done to address the remaining Table 5 e Relevant properties for low-pressure metal hydride, high pressure gas, hybrid (TieCreMn and TieCreVeMo) and the distributed hybrid hydrogen storage methods. N.A.: Not available.
Low-pressure metal hydride tank [161] High pressure gas tank [159, 161] Hybrid tank with TieCreMn alloy [159, 161] Hybrid tank with TieCreVeMo alloy [159] Distributed hybrid system [149] Operative pressure The system is composed of one or two gas compressed tanks, thus the volume ranges between~11 L and~18 L (this is just the volume of the tanks).
b
The total weight of the system is not available, just the weight of the AB problems and to develop an improved hybrid system for a broad market application.
Research in advanced high capacity hydrides for vehicular applications
Research with the aim of introducing advanced high capacity hydrides (as opposed to the ones described above and suitable for the hybrid tank) in the private passenger vehicle powertrain has been underway for some time. Several projects have been carried out in the past with this aim. One of the most extensive efforts to investigate hydrogen usage in vehicular applications was the STORHY project (Hydrogen Storage Systems for Automotive Application) [168] , funded by the Fuel Cells and Hydrogen Joint Undertaking, and carried out between 2004 and 2008. The participation of major automotive industry players (BMW, DaimlerChrysler, etc.) ensured that the information obtained during the project was relevant for the development of future passenger vehicles. In this project, not only hydrides, but all other forms of storage were studied in regard to their suitability for automotive applications.
In the frame of this project, as already said, solid-state storage in hydrides was compared to the other options (pressurized gaseous and liquid hydrogen). For this purpose, the largest sodium alanate tank developed in Europe was designed and built [169] . It could be shown that, according to specifications, it could be charged to 80% of its capacity in less than 10 min. Cycling (hydrogen charging and discharging) was also successful, increasing the gravimetric capacity of the material after the initial activation cycles to a value z 4.5 wt. %. Until then, it had been in doubt that a hydride-based tank could display such fast kinetics, especially one using highcapacity complex hydrides, which were at the time less well-known than the "classical" metal hydrides that have been mentioned above in Table 4 .
Another important project in the development of hydrides for automotive applications was NESSHY (Novel efficient solid storage for hydrogen) [170] , also a European project financed by the Fuel Cells and Hydrogen Joint Undertaking. It was carried out between 2006 and 2010. The focus of this project, as its name indicates, was much more on hydrides than was the case with STORHY. Therefore, the application-oriented results were two tanks, one based on magnesium hydride [171] and the other one on sodium alanate [172] . The tank based on magnesium hydride was very much oriented towards stationary applications, since its high operational temperature (around 300 C) and large reaction enthalpy of the material were not suitable for coupling with a vehicular fuel cell, not even a high temperature PEM one. Thus, there was no emphasis on light weight or compact shape and size. The alanate tank, on the other hand, was specifically designed to be lighter than its predecessor in project STORHY, and so take another hurdle towards vehicular use. The improvement in gravimetric capacity was 83% and the one in volumetric capacity was 49%. The amount of hydrogen stored was~0.2 kg of hydrogen, half of the quantity stored in the STORHY tank. Fig. 11 shows a depiction of the alanate tank developed during the NESSHY project.
The goal for the project HyFillFast, "Fast, efficient and high capacity hydrogen refueling and on-board storage" (which was carried out from 2012 to 2017 and funded by the Danish Research Council), was to conduct research within a new concept, which integrates compression of hydrogen using an ionic liquid as piston with combined solid state and high pressure on-board hydrogen storage. Ionic liquid gas compression has the potential to increase the capacity and energy efficiency by applying internal cooling during the compression process. Combined high pressure (700 bar) and solid-state hydrogen storage clearly has the potential to increase the storage capacity considerably. The great challenge is to engineer the storage tank with the pressure and temperature controlled chemical reactions and transformation in such a way that both hydrogen and heat is absorbed, thereby increasing both the energy efficiency and storage capacity [173] . The strategy is to have several materials in the storage tank, e.g. one or more that absorb hydrogen combined with phase change materials that absorb heat.
The maximum temperature allowed for a standard Type IV H 2 tank while refueling to 700 bar is 85 C. Therefore, hydrogen is pre-cooled to T ¼ À40 C. Fuelling hydrogen gas at 20 C to 700 bar would result in a 12% lower amount of H 2 in the storage tank. Results show that a paraffin wax layer of 10 mm can absorb enough heat to keep T < 85 C, but its influence on the hydrogen peak temperature that occurs at the end of refueling is modest, because the heat transfer from the gas to the phase change material mainly occurs after the fuelling is completed [174] . A wide range of new hydrides, in particular boron and nitrogen based materials [175] , were discovered in the project, but usually release and uptake of hydrogen occur at too high temperature [176] . Thermodynamic considerations reveal that a hydrogen storage material may exist, which can absorb both heat and hydrogen in case another gas is product of the rehydrogenation. A well-known example is the reaction of lithium amide and hydrogen, which forms ammonia and lithium hydride. However, that may introduce new challenges for storage tank design, which may need to include compartments.
The efforts within HyFillFast have inspired the industrial partner company NEL to further develop hydrogen fuelling technology so that refueling time and driving range is comparable to that of similar gasoline vehicles. Today NEL is the world's largest manufacturer of hydrogen production and fuelling equipment, with 200 employees in Europe and US [177] .
Within the SSH2S project (Fuel Cell Coupled Solid State Hydrogen Storage Tank, which was carried out from 2011 to 2015 and funded by the European Union under the Fuel Cells and Hydrogen Joint Undertaking), a demonstration solid-state hydrogen tank, coupled with a High Temperature Proton Exchange Membrane (HT-PEM) to be used as Auxiliary Power Unit (APU) for a light duty vehicle, has been realized, following a more elaborated design [1, 178] . In this case, the storage tank consists of three concentric tubes and the hydrogen carrier is based on a mixed lithium amide/magnesium hydride system, coupled with an intermetallic compound. In details, the inner tube is filled with LaNi 4.3 Al 0.4 Mn 0.3 , while the middle one is filled with a mixture of 2LiNH 2 þ1.1MgH 2 þ0.1LiBH 4 þ3 wt.% ZrCoH 3 . The thermal exchanger, adopting triethylene glycol as heat transfer medium, is performed in the outer tube. The
system was planned to supply a 1 kW HT-PEM stack for 2 h. The combined hydrides used as hydrogen carriers have a gravimetric hydrogen storage density of 2.45 wt.% H 2 . A full thermal integration was possible thanks to the high operation temperature of the fuel cell and to the relative low temperature (170 C) for hydrogen release from the mixed lithium amide/magnesium hydride system. The development of the tank has been followed by a study involving a Life Cycle Assessment (LCA) [179] . It demonstrated that, when the electricity consumption for hydrogen gas compression is included into the analysis, a solid-state hydrogen storage tank has similar greenhouse gas emissions and primary energy demand than those of type III and IV gas tanks. The challenge is to develop a container in which the right compromise is achieved, especially for mobile applications, among H 2 storage gravimetric and volumetric density, integrity of the containment at operative condition and dynamic performances of the gas [11] . As an example, the volumetric storage capacity of the SSH2S tank described above [178] , but suffer from an extremely complex thermal management and from the continuous hydrogen boil-off [180] .
In this paragraph, a simple approach is proposed, based on a series of simulations, to evaluate the influence of MH property (i.e. the gravimetric and volumetric capacity of the hydrogen carrier) and tank geometry (i.e. tube diameter) on the gravimetric and volumetric capacity of a hydrogen storage system. Thus, simulations do not take into account the kinetic and thermo-fluid dynamic of the entire systems, since the aim here is to evaluate the gravimetric and volumetric capacity of the system in relation with the ones of MHs and to material and geometry of the tank. These simplified models show the conceptual potential of different solid-state hydrogen storage systems. In the simulations, the tank has the simplest geometry, i.e. a tube with an external jacket for thermal fluid circulation. This double tube has the diameter of the external jacket 10% higher than the internal one and tubes are 3 mm thick. This simplification is introduced because different wall materials have different tensile strengths and therefore the wall thickness would, indeed, vary with material, as well as with temperature. In the model, water is considered as thermal fluid and it contributes to the gravimetric capacity of the system in relation to the amount of water flowing in the jacket, without considering the flow rate. In fact, this value is related to the thermal exchange necessary for the hydrogen sorption reactions, but it influences neither the gravimetric nor the volumetric density of the system. This simplification is also due to the fact that, although high temperature hydrides like MgH 2 , LiBH 4 and even NaAlH 4 cannot realistically be tempered using water (since at temperatures of 180e400 C, as required by these hydrides, water is in the form of steam and not well suited as a heat exchange agent), the comparison of systems using different heat exchange agents would be much too detailed for this frame. The amount of hydrogen stored in the system is 1 kg. The H 2 -carrier powder has a percentage of compactness of 90% and, inside the tube, a free volume of 20% is left to allow MH expansion during hydrogen absorption. To evaluate also the material of the container, simulations include the use of both aluminium and steel. A further simplification is implicit here, because the tensile strength of materials is significantly influenced by temperature. Therefore, aluminium would be unsuitable for tanks containing MgH 2 or LiBH 4 , or at least, the wall thicknesses required would be so high as to render the comparison meaningless. Therefore, the hydrides must be understood as ideal comparison cases, in which only the different hydrogen storage capacities make a difference and other operating conditions are left unconsidered. In each simulation, the length of tube is calculated in relation to its diameter, from the volume necessary for the H 2 -carrier. The volume of the system is then constant after having defined the volumetric capacity of MH. Fig. 12 shows how the gravimetric capacity of the system changes as a function of the gravimetric (a) and volumetric (b) capacity of the hydrogen carrier MH. In Fig. 12a (left) , for the MH, three volumetric capacities of MH were compared. The gravimetric capacity of system grows faster for low gravimetric capacity values, but it seems to come to a plateau for high values of MH wt.% H 2 . Thus, an increase of the carrier gravimetric capacity has a higher influence on the gravimetric capacity of the system for low values of MH wt.% H 2 , with respect to the high ones. In addition, as expected, the higher the MH volumetric capacity, the higher the gravimetric capacity of the system. Finally, the gravimetric capacity of the system reaches about half of that of the MH when using aluminium tubes, and it reaches about one fourth the case of using steel. As said above, this changes radically when taking into account the operating temperature [181] . In Fig. 12b , the gravimetric capacity of the system is reported as a function of the MH volumetric capacity, considering three values for the MH gravimetric capacity. It is clear that the influence on system gravimetric capacity is roughly linear as a function of the MH volumetric capacity. Changes in gravimetric capacity of the system as a function of MH volumetric capacity are more remarkable for carriers with values of 7.7 and 10 wt.% H 2 , rather than for carriers with 1.5 wt.% H 2. Moreover, the use of aluminium instead of steel has a minimal difference for carriers with 1.5 wt% H 2 , while a strong effect is registered for higher values of MH wt.% H 2 . The different thermal conductivity of the two materials considered here for the tank might have an effect on the thermo-fluid dynamic properties of the system, which are not considered here. Fig. 13 shows the results of the estimation of the gravimetric capacity of the system as a function of diameter of tube used for the tank. As mentioned previously, the thermo-fluid dynamic is neglected, evaluating only the effect of gravimetric and volumetric capacity of MHs on the system properties. In Fig. 13a , an MH with a gravimetric and volumetric Fig. 12 e (a) Gravimetric capacity of the system as a function of the gravimetric capacity of MH, using a volumetric capacity of MH equal to 80-100e120 kgH 2 m ¡3 (b) Gravimetric capacity of the system as a function of the volumetric capacity of the MH, using a gravimetric capacity of MH of 1.5e7.7e10 wt.% H 2 . In both cases, it was considered a diameter of tube of 10 cm in aluminium (dashed line) and steel (straight line). The gravimetric capacity of the system is reported considering different hydrides.
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capacity equal to 1.5 wt.% H 2 and 100 kgH 2 m
À3
, respectively, was considered. To maximize the heat management, the container should have a diameter as smallest as possible, since the heat transfer distance is short and there is a better heat dissipation compared to large diameters. Thus, the simulation considers at the beginning tubes which are longer than wide, until the difference between the length and diameter is becoming minimal, as reported in Fig. 13a . In fact, as expected, the length of tube decreases asymptotically when increasing the diameter. The gravimetric capacity of the system grows progressively increasing the tube diameter, moving towards a plateau for high values. This result suggests that very small diameters are not practical, but from a certain value, an increase of the tube diameter does not have a relevant impact on the system gravimetric capacity. This shows the importance of considering all the factors in the simulation, since the conclusions might very well be different when taking into account also the heat exchange, as shown by Lozano et al. [181] . Thus, in practice, tubes are longer than wider, but without exceedingly large dimensions in any of the axis. Moreover, the use of steel or aluminium as material for tubes has a minor effect on wider tubes, but it influences the gravimetric capacity of narrower ones considerably, as it has also been calculated elsewhere [181] .
Finally, the gravimetric capacity of the system was evaluated as a function of the diameter of the internal tube considering specific hydrogen carriers, i.e. Hydralloy, NaAlH 4 , LaNi 5 , LiBH 4 and MgH 2 (Fig. 13b) . Corresponding values of gravimetric and volumetric capacity of the carrier are reported in Table 6 . These values were taken from theory and should therefore be compared to those in Table 1 for a balanced analysis.
Low values of MH gravimetric capacity (i.e. LaNi 5 and Hydralloy) do not have a particular influence on the system and the difference in using aluminium or steel for tubes is negligible. On the contrary, for high value of MH gravimetric capacity (i.e. MgH 2 , NaAlH 4 and LiBH 4 ) there is much more increase in the gravimetric capacity of the system by increasing the diameter of tube. In addition, the use of aluminium or steel for tubes has a bigger influence for LiBH 4 , which has an elevated gravimetric capacity, than the other two hydrides. The reduction of the gravimetric capacity of system is higher for materials with higher values of MH gravimetric capacity. Finally, considering the volumetric capacity of the system, there is a linear trend as a function of the volumetric capacity of MHs, as can be seen from the table, reaching a value close to half that of the MHs.
Conclusions and outlook
In the previous pages, a wide panoply of applications for hydrides has been shown, ranging from quite mature systems (as in the case of the submarines) which have been in service for decades, to experimental results obtained in the last few years, which have had no opportunity to find their way into widespread introduction into the market.
If a common feature or characteristic should be pointed out, the following observation seems pertinent: besides the fulfillment of the boundary conditions for hydrogen storage relating to weight, volume, operating pressures and temperatures as well as hydrogen flow, the most successful systems are those that combine a system as simple as possible with the achievement of a target that could not be reached using other alternatives.
A case in point is the usage of low temperature hydrides in submarines. In this case, lack of oxygen means that the usual, tried-and-true power machinery based on hydrocarbon combustion (diesel engines, turbines, etc.) cannot be used for underwater navigation. The high efficiency of fuel cells made hydrogen a winning proposition (albeit not the only one: both the Walter turbine, the Dutch Stirling system, the MESMA turbine and the closed loop diesel systems worked without hydrogen and proved to be feasible). The metal hydride option for hydrogen storage was, in this case, a matter of selecting the option with the lowest volume and simplest operation. Simplicity is here a relative concept, given the fact that submarines are highly complex machines in and of themselves. But the alternatives offered fewer advantages and the successful operation of the U212A submarines and their sisters has vindicated the concept.
Another case in which hydrides overwhelmingly surpass other storage alternatives is heat storage. In this case, the high reaction enthalpy available to store the energy means that the amount of storage material can be radically reduced [185] . This brings a reduction in real estate occupation, size of hot equipment and an increase in safety due to all these improvements happening at the same time. Crucially, the alternatives are required to operate under the same harsh conditions that are essential to the implementation of high temperature hydrides. Therefore, simplicity is again reached, not by having a more basic design with less operating parts, but by adapting to a very demanding environment using the intrinsic characteristics of the hydrides themselves.
If this general line is to be kept for other applications, it is essential to select the most suitable hydride for them. It is also important to be aware of the fact that ingenuity in the engineering of the technical solutions using hydrides may be as much the key to their successful application as the characteristics of the hydrides on their own.
In the future, changing conditions in the energy policies of major powers may well give a decisive impulse to such advanced but less well-known technologies, such as hydrides for hydrogen storage and other energy-related applications. In this case, energy generation could switch from fossil fuel i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 4 ( 2 0 1 9 ) 7 7 8 0 e7 8 0 8
based power plants to regenerative energy based ones. Thus, high temperature hydrides can be expected to be developed into successful heat storage materials not only due to their intrinsic suitability, as already explained, but especially in the concentrated solar power arena, due to the fact that such power plants are essentially more profitable when going to the additional complexity and cost of storing heat than when they are limited to daylight operations. In the field of mobile applications, especially road bound vehicular ones, the technology for hydrogen usage is already mature enough to be introduced to the public [186] . Metal hydrides have played a role from an early time [187] in the consideration of hydrogen as a fuel for vehicular applications, but for a time it looked like the boundary conditions for their usage were not adequate in this environment [105] . However, the latest developments in the field of complex hydrides open the possibility of their usage in this arena [188] .
In general, the acceptance of hydrogen as a part of the energy vector portfolio in our modern society will give rise to further opportunities for the application of hydrides in their various forms, even if this process may take some time.
